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FOREWORD 


The  investigation  of  the  interaction  of  moisture,  low  temperature  and  impact 
damage  and  the  subsequent  effect  on  column  buckling  behavior  reported  herein 
was  performed  by  the  Lockheed-California  Company,  3urb?nk ,  California,  a 
division  of  Lockheed  Corporation,  under  Wavy  Contract  !\'f.2259-79-C-0276 .  The 
Naw  Project  Engineer  directing  the  program  was  E.  T.  Vadala  of  the  Structural 
Materials  Branch,  Aero  Materials  Laboratory,  Naval  Air  Development  Center 
at  Warminster,  Pennsylvania.  The  program  was  conducted  by  the  Structures 
and  Materials  Department  of  the  Lockheed-California  Company,  with  K.N.  Lauraitis 
as  Principal  Investigator  assisted  by  P.E.  Sandorff. 

The  support  and  contributions  of  W.  E.  Krupp,  S.  Krystokowiak  and  R.  C.  Young 
of  the  Materials  Laboratory  and  D.  E.  Pettit,  R.  LaForce  and  C.  J.  Looper  of 
the  Fatigue  and  Fracture  Mechanics  Laboratory  are  gratefully  acknowledged. 
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SECTION  I 

INTRODUCTION 


\  1 . 1  PROBLEM  DEFINITION 

Effect  of  low  speed  impact  damage  on  composite  materials  is  a  new  anc: 
potentially  significant  design  condition  tor  high  performance  systems.  In 
metallic  structure,  damage  due  to  tool  drop,  small  rock  impact  and  hail  (while 
on  the  ground)  did  not  constitute  a  damage  of  major  concern.  However,  com¬ 
posites  generally  exhibit  little  inelastic  ductility,  are  sensitive  to  second¬ 
ary  stresses,  and  are  susceptible  to  splitting  and  delamination  with  cracks 
often  propagating  in  t lie  fiber  direction  through  debonding.  Upon  failure, 
energy  absorption  is  low.  Due  to  these  fracture  characteristics  and  the  low 
strain  to  failure,  composite  materials  generally  exhibit  lower  impact  resis¬ 
tance  than  the  metals  typically  used  for  aircraft  construction. 

Environmental  exposure  may  aggravate  the  deleterious  effects  of  impact  damage, 
it  is  well  known  that  the  mechanical  properties  of  a  polymeric  matrix  are 
susceptible  to  environmental  degradation.  Matrix  cracking  resulting  from 
impact,  loading  or  thermal  cycling  may  provide  pathways  for  moisture  which  can 
enter  by  laminar  flow  much  more  rapidly  than  bv  diffusion  upon  subsequent 
exposure  to  high  humidity  environment.  Detrimental  effects  may  also  be  ex¬ 
pected  because  the  internal  tensile  stress  in  the  matrix  increases  with  de¬ 
creasing  temperature,  promoting  crazing  and  the  formation  ol  nicrovoids.  c' 

i 

Furthermore,  the  cubical  coefficient  of  expansion  o!  epoxy  polymers  is 
approximately  1.5  x  10  ^  °C  '  and  that  of  ice  approximately  112  x  10  ^ 

V1  down  to  -54°C  (-65°F)  ;  thus,  ice  formation  in  the  matrix  cracks  may  pro¬ 
mote  crazing  and  crack  growth  on  cool-down  to  this  temperature*.  The  possible 
degradation  of  compressive  strength  due  to  temperature  and  moisture  has  thus 
been  one  of  the  major  concerns  in  the  application  of  advanced  composite 
systems  to  aircraft  structure.  The  possibility  of  interactions  between  impact 
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damage  and  environmental  factors  resulting  in  an  amplified  loss  in  compressive 
strength  is  recognized  as  requiring  investigation. 

1 . 2  OBJECTIVE 

The  objective  of  this  program  was  to  provide  an  experimental  evaluation  ol 
the  possible  interaction  effects  of  environmental  factors  (specifically 
moisture  and  low  temperature)  with  low  velocity  impact  damage  on  the  subseauent 
performance  of  a  representative  graphite/epoxy  laminate  under  compressive  load. 

1 . 3  PROGRAM.  SUMMARY 

1.3.1  Nature  of  the  Impact  Damage 

The  type  of  impact  damage  to  be  investigated  in  this  program  is  that  which  is 
produced  by  low  speed  Impact  of  a  blunt  object,  such  as  an  accidentally  dropped 
hand  tool.  Specifically,  the  damage  condition  selected  for  study  was  defined 
as  the  onset  of  visible  cracking  of  approximately  1  to  l'i  inch  diameter  on 
one  face,  which  would  allow  direct  entrance  of  moisture  into  the  laminate 
interior. 

A  preliminary  experimental  investigation  of  impact  effects  was  conducted  as 
an  initial  part  of  the  program,  in  order  to  develop  the  technique  which  would 
produce  the  desired  type  and  amount  of  damage  consistently  on  replicate  speci¬ 
mens.  These  results  are  presented  in  Section  4.1. 

Impact  damage  was  monitored  throughout  the  program  with  Holosonie  System  400 
equipment,  an  ultrasonic  inspection  system  providing  B  and  C-scan  data,  memory 
storage  and  an  oscilloscope  display  that  was  photographed  for  permanent  record. 


1.3.2  Evaluat_ioj^  pf  Effects 

Evaluation  of  residual  compressive  strength  was  made  by  means  of  a  plate- 
column  test,  using  a  compression  test  fixture  which  provided  the  specimen 
with  simple  transverse  (pin)  supports  at  uniformly  spaced  intervals.  This 
tvpe  of  test  produces  a  column  instability  failure  mode  which  can  be  compared 
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to  the  compression  failure  expected  in  actual  structural  applications.  in 
addition,  one  specimen  of  each  of  the  twelve  different  test  conditions  was 
sectioned  for  photomicropraphic  analysis  ot  the  dam, ape  caused  be  impact  and 
environmental  exposure . 

1.3.3  Program  Scope 

The  scope  of  the  investigation  was  limited  to  one  level  in  each  of  the*  possible 
variables,  as  follows: 

Material:  AS/3501-6  graph i te-epoxv 

Laminate:  16-ply  (+45/0/-4 5/0/+45/0/-45 /90) s 

Impact  damage:  Onset  of  visible  cracking  on  one  face,  approximately 

1  to  1.5  inch  diameter. 

Moisture  conditioning:  Exposure  to  90%  RH  at  160°F  until  gain  of  1.0/  hv 

v.v  ight  . 

Low  temp,  exposure:  One-half  hour  at  -65°F,  return  to  ambient,  hold  lor 

one  hour. 

Moist. -temp,  cycling:  Ten  cycles  of  one  hour  at  90%  RH  and  I 60°F  alternated 

with  one-half  hour  at  -65°F. 

Specimen  configuration:  3  x  14  inches  with  tabbed  ends. 

Residual  compr.  strength:  Specimen  pin-supported  at  0. 78-inch  spacing  to 

obtain  11  bays  each  free  to  buckle'  as  a  plate 
column . 

The  main  program  of  experiments  utilized  three  groups  of  24  specimens  each. 

The  first  group  was  used  to  investigate  the  c  lied  of  impact  damage  on  com¬ 
pressive  strength  evaluated  with  and  without  subsequent  exposure  to  moisture, 
low  temperature,  and  moisture-temperature  cycling.  The  second  group  of 
specimens  were  moisture  conditioned  prior  to  the  impact  damage,  and  tin  third 
group  was  exposed  to  low  temperature  prior  to  impact.  A  total  ot  twelve 
different  combinations  and  seouences  of  damage  and  exposure  was  investigated. 
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SECTION  2 

TEST  SPECIMENS 


2.1  MATERIAL 

AS/3501-6  graphite/epoxy  prepreg  tape  was  procured  from  Hercules,  Inc.,  Magna , 
Utah,  Lot  1363,  in  November,  1979.  The  Hercules  ciualitv  assurance  data  which 
accompanied  this  shipment  are  included  in  the  Appendix,  Table  A-l.  Upon 
receipt,  acceptance  tests  were  performed  by  the  Lockheed-Cal i fornia  Company 
QA  Lab  in  accordance  with  established  specifications  for  350°-F  curing  ettoxy- 
impregnated  graphite  fiber  tape.  Conformance  to  industry-recognized 
specifications  was  confirmed.  The  results  of  these  tests  are 
summarized  in  the  Appendix,  Table  A-2. 

2.2  Panel  Fabrication  and  Process  Verification 

Two  36  x  34-inch  panels,  identified  1X01618  and  1X01674,  and  three  36  x  48- inch 
panels,  identified  1X01619,  1X01620  and  1X01621,  of  16-ply  laminate  with 
stacking  sequence  (+45/0/-45/0/+45/0/-45/90)c.  were  fabricated  of  the  AS/3501-6 
prepreg  to  furnish  stock  from  which  the  test  specimens  were  cut.  flic  panel 
identification  is  an  autoclave  number  which  codes  the  matt  rial  and  the  process 
records.  Autoclave  curing  followed  specifications  sunir.arizi  <!  1  n  Table  A- 3  ot 
the  Appendix.  The  panels  were  inspected  u 1 1 rason i cal  1 y  in  e-soan  mode,  and 
no  indications  of  internal  flaws  were  found. 

Analysis  for  fiber  and  resin  content  by  weight  was  performed  on  samples  of 
approximately  one  gram  taken  from  the  interior  region  of  each  panel,  using 
techniciues  which  (except  for  the  larger  sample  size)  were  in  accordance  with 
ANSI/ASTM  D  792-66,  Procedure  A-l,  for  specific  gravity-  determination,  and 
ANSI/ASTM  D  3171-73,  Procedure  A,  for  fiber  content.  Fiber  volume  fraction 


and  void  content  were  calculated  from  these  data  using  nominal  values  for  the 
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specific  gravity  of  the  fiber  and  tin-  resin  as  supplied  bv  tin-  iehiii  I  ac  1 1 1  iv  r . 

Tin sc  results,  indicating  fiber  volume  traction  between  58  and  ( >  1  percent, 
are  summarized  in  Table  2-1. 

Five  replicate  .25  x  .6  5- inch  short -beam-slnar  spec  i  m<  ns  w<-r< 
orientation  I  rent  the  interior  region  ot  each  pan,  I.  1.  -,t  ■ 
accordance  with  ASTM  1)  2344,  except  for  tin-  s;  .  civ,  n  tiii.  ’r  ■  , 
thickness  of  the  ln-ply  laminate.  Results  ot  tin  t-  t  ■  ar. 

Table  2-z. 

2 . 3  TEST  SPECIMEN  DETAILS 

Prior  to  cutting  specimens  from  a  panel,  a  sLrip  I . 3- indn-s  wide  was  removed 
from  all  four  edges  and  discarded,  in  order  to  avoid  variations  in  thickness 
and  density  which  sometimes  occur  in  these  regions.  Three  by  14-inch  speci¬ 
men  blanks  were  then  cut  and  specimens  were  fabricated  and  inspected  according 
to  the  specifications  of  Figure  2-1. 

Twenty-four  specimens  obtained  from  panel  1X01618  were  used  exclusively  for 
the  preliminary  impact  damage  study.  Four  of  these  (identified  in  Section  4.1) 
differed  from  Figure  2-1  in  that  the  long  axis  was  oriented  90°  to  the  laminate 
axis.  The  36  x  48-inch  panels  were  first  cut  into  three  subpanels  each, 
identified  A,  B,  and  C,  and  each  subpanel  then  cut  into  ten  3  x  14-inch  specimen 
blanks  having  the  14-inch  dimension  parallel  to  the  laminate  axis.  The  spe¬ 
cimens  were  individually  identified  by  the  last  two  digits  of  the  panel  auto¬ 
clave  number,  the  subpanel  letter  and  the  sequence  of  removal.  A  randomization 
procedure  based  on  a  computer-generated  sequence  was  then  used  to  assign  the 
specimens  to  specific  use  in  the  program.  In  an  early  state  of  the  experi¬ 
mental  work,  it  was  decided  to  revise  the  geometry  of  the  residual  column 
strength  test,  for  reasons  explained  in  Section  4.2.  This  decision  resulted 
in  fabricating  additional  specimens  to  replace  those  which  had  been  tested 
using  the  longer  column  support  length.  For  this  purpose,  twenty  new  speci¬ 
mens  were  cut  from  Panel  1X01674.  These  could  no  longer  be  distributed  among 
the  various  tasks  of  the  program,  hut  were  assigned  by  a  random  selection 
process  to  the  three  test  conditions  which  were  to  be  repeated  using  the  final 
column  support  length  used  on  the  remainder  of  the  program. 


ii'.ii  h  i  -a,  -d  at  1 1* 
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SPECIMENS  TO  EE  FIAT  OVER  THE  EKTIF.E  14.0  INCH  LENGTH  WITHIN  O.Ol  INCHES. 

TAB  EDGES  TO  BE  PARALLEL  TO  SIDES  0?  SPECIMEN  WITHIN  0.02  INCHES.  OVERHANG 
NOT  TO  EXCEED  0.15- 


6  THE  TAB  AND  SPECIMEN  BONDING  SURFACES  TO  BE  THOROUGHLY  SOLVENT  CLEANED  UGH. 
ME  THY  L-ETKY  L-  KETONE  PRIOR  TO  BONDING.  A  35C°F  CURING  ADHESIVE  IS  TO  BE  USE 
AND  MUST  COVER  ENTIRE  SUBPAGE  UNIFORMLY . 


MACHINED  SURFACES  TO  BE  RMS  50  OR  BETTER.  NO  EDGE  DAMAGE  OR  FIBER  SEFARATI 
SHOULD  BE  VISIBLE. 

MEASURE  SPECIMEN  WIDTH  4  PIACES.  WIDTH  MUST  NOT  VARY  BY  MORE  THAN  0.004  IN 

MISMATCH  OF  'TABS  FROM  SIDE  TO  SIDE  NOT  TO  EXCEED  0.01  INCHES. 

TABS  TO  BE  CUT  FROM  A  6  FLY  LAMINATE  FABRICATED  FROM  PREPREG  OF  I58I  GIASS 
FA3RIC  IN  A  350°F  CURING  EPOXY.  TAD  PEL'S  ADHESIVE  THICKNESS  MUST  NOT  VARY 
SIDE  TO  SIDE  OR  END  TO  END  3Y  MORE  THAN  0.01  INCH  AS  MEASURED  8  PLACES. 

SPECIMEN  THICKNESS  TO  BE  WITHIN  ±0.003  INCHES  OF  THE  AVERAGE  OF  8  THICKNESS 
MEASUREMENTS . 


Figure  2-!:  Specimen  Conf iguration 
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TABLE  2-1 


FIBER 

AND  VOID 

CONTENT  OF  PANEL 

MATERIAL 

Resin 

F  i  be  r 

Cal cul ated 

Average 

Content 

Content 

Void 

Panel 

Dens i ty 

Density 

By  We  i  gh  t 

Bv  Volume* 

Content* 

LI) 

gm/ml 

gm/ml 

% 

% 

7, 

1X01618 

1.587 

1.586 

1.586 

34.0 

58.4 

1  .2 

1X01619 

1.584 

1 .  574 

1.579 

33.4 

58.6 

-  .4 

1.581 

1X01620 

1.587 

1.582 

1 . 582 

32.8 

59.2 

-  .3 

1.577 

1X01621 

1.593 

1.387 

1.590 

31.3 

60.9 

-  .3 

1.591 

1X01674 

1.604 

1 .  590 

1  .598 

31  .9 

60.5 

0.5 

1.599 


*Fiber  volume  and  void  content  calculations  based  on  nominal  values  of  density 
of  1.796  gm/ml  for  fiber  and  1.262  gm/ml  for  resin,  as  stated  by  manufacturer . 
Normal  variations  from  these  values  frequently  result  in  negative  values  for 
calculated  void  content. 
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TABLE  2-2 

SHORT  BEAM  SHEAR  TEST  RESULTS 


Fai lure 

SBS 

Panel 

Width 

Th ickness 

Load 

St  ress 

II) 

in. 

in . 

lbs. 

ps  i  . 

1X01618 

1 

.250 

.094 

323 

10300 

0 

.248 

.094 

328 

10600 

3 

.246 

.093 

282 

9200 

4 

.249 

.093 

34  3 

1  1  1 00 

5 

.249 

.093 

324 

10400 

10300  +500 

1X01619 

1 

.250 

.097 

339 

10500 

2 

.249 

.096 

341 

10700 

3 

.249 

.096 

395 

12400 

4 

.249 

.097 

337 

10400 

5 

.250 

.096 

352 

1  1000 

11000  +500 

1X01620 

1 

.249 

.093 

370 

12000 

2 

.251 

.093 

399 

12800 

3 

.250 

.093 

34  3 

1  1000 

4 

.249 

.093 

392 

12700 

5 

.252 

.093 

333 

10700 

"1 1800  +700 

IXOI621 

1 

.251 

.092 

316 

10300 

2 

.252 

.093 

291 

9  300 

3 

.251 

.092 

338 

1  1 000 

4 

.251 

.091 

311 

10200 

5 

.250 

.092 

30  3 

9900 

loloo  +400 

1X01674 

1 

.243 

.089 

259 

8980 

2 

.242 

.089 

281 

9760 

3 

.244 

.089 

265 

9150 

4 

.234 

.090 

269 

9600 

5 

.235 

.089 

273 

9790 

9460  +250 

Summation*  indicate  mean  +  probable  error. 
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SF.CTION  1 

KXDF.H  1  MENTAL  METHODS 


3 . 1  IMPACT  LOAD! N C 

Impact  damn pi'  was  produced  hv  the  impact  of  a  steel  mass  dropped  Iron  a  drop 
tower.  The  drop  tower  consisted  of  a  teflon  guide  tube  mounted  in  a  support 
frame.  The  drop  height  was  adjustable  and  preset  by  a  pin  extending  through 
the  teflon  guide  tube.  Available  impactors  included  a  series  of  one-inch 
diameter  steel  cylinders  providing  a  selection  as  to  mass  and  diameter  n! 
impactor  head.  All  impacts  were  conducted  at  room  temperature  in  an  ambient 
laboratory  air  environment.  The  snecimen  sunport ,  which  rested  on  a  flat 
concrete  floor,  was  positioned  to  obtain  impact  at  the  intersection  nt  tin- 
specimen  center  lines.  The  impact  tower  and  the  impactor  art  shown  in 
Figure  3-1,  and  the  specimen  sunport  is  detailed  in  vigure  3-J. 


3 . 2  INSTRUMJF:NTATI0N_  AND  DATA  ACQl’lS  IT  1  ON 


3.2.1  H_ig1b  Speed  Photography 

A  16-mm  high-speed  camera  operating  at  400  frame's  per  second  was  used  to  n  i 
motion  of  the  impactor  and  the  specimen  surface  just  prior  to,  during,  and 
subsequent  to  the  impact.  Optical  timing'  pulses  at  a  precise  frequence  of 
100  per  second  were  simultaneously  recorded  on  the  margin  ot  the  t  ilm.  Tin 
photographic  records  of  impactor  motion  were  analyzed  to  obtain  impactor 
positions  (d)  above  the  impact  point  at  time  intervals  (At)  before,  and  attei 
the  impact.  Impact  velocity  and  rebound  velocity  were  then  calculated  hv  tin 
re lat i on 


v 

o 


JL 

2 


At 


where  g  -  32.2  fps.  This  method  provides  accurate  values  since  it  min i'  i. n 
any  disturbing  effects  due  to  variations  in  release  and  friction  ol  tin  . via. 
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FIGURE  3-2:  SPECIMEN  SUPPORT  DETAIL 
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tube.  A  sequence  of  photographs  taken  during  a  representative  impact  test 
showing  the  motion  of  the  impactor  and  the  specimen  is  presented  in  Figure  3-3. 

3.2.2  Ultrasonic  Evaluation  of  Damage 

The  extent  of  the  impact  damage  produced  in  each  specimen  was  determined  by 
ultrasonic  inspection.  For  this  purpose  ultrasonic  imaging  equipment  purchased 
commercially  as  the  Holscan  System  400,  Holosonics  Company,  San  Rafael, 
California,  was  used.  This  equipment  provided  the  capabilities  of  real-time 
ultrasonics  inspection  involving  B-scan,  C-scan,  and  three  dimensional  displays 
The  basic  system  used  in  this  program  also  incorporated  the  following  capa¬ 
bilities: 

a.  The  "flex  arm"  manual  mount  for  the  transducer  was  replaced  with  a  power 
driven  scanner  mount  with  digital  scanner  controls  interfaced  with  the 
System  400  electronics. 

b.  A  digital  memory,  real  time  image  display,  electronic  processor,  and  dual 
mode  oscilloscope  were  interfaced  with  the  System  400  electronics  to 
provide  a  digital  memory  storage  unit  to  retain  and  provide  subsequent 
display  of  the  data  in  C-scan  and  in  associated  B-scan  format,  as  well  as 
in  3-0  isometric  format. 

c.  A  vertical  mounting  and  coupling  system  was  attached  to  the  transducer/ 
digital  scanner.  Inclusion  of  this  system  made  it  possible  to  scan  test 
specimens  in  a  vertical  position,  thus  eliminating  the  need  to  immerse 
the  specimen  in  water  for  extended  periods  such  as  occurs  during  normal 
C-scan,  the  water  contact  being  limited  to  the  water  column  directly  in 
front  of  the  scanning  transducer. 

The  C-scan  was  the  most  useful  for  delineating  cl  .image  size.  Permanent  records 
of  the  damage  were  obtained  as  Polaroid  photographs  of  the  osc i 11 osoope  C-sc.in 
display.  Representative  records  are  presented  in  Figure  3-4.  Damp,  measure¬ 
ments  of  the  maximum  damage  were  made  from  these  photographs  as  shown  in  Ficur. 
3-5.  In  order  to  determine  the  scale  of  the  photographs,  a  special  >■  raph i t .  ' 
epoxv  calibration  block  was  machined  with  two  parallel  milled  cuts  running,  ver¬ 
tically  anti  two  horizontally  across  the  block.  l-'idt  h  and  spacing,  ot  the  slot' 
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measured  with  a  too]  maker's  microscope.  The  block  was  then  scanned  with  the 
Ho l scan  unit,  photos  were  taken  of  the  TV  monitor  displav,  and  the-  spacious 
measured  from  the  photo  to  obtain  scaling  factors  as  described  in  Reference  !  . 

3.2.3  S t_r  a in  Gage  instrumentation 

A  number  of  specimens  were  instrumented  with  electrical  resistance  toil  strain 
gages  of  0.25-inch  gage  length  mounted  on  the  rear  surface  directly  opposite 
tlie  impact  point,  to  provide  dynamic  records  of  the  strain  parallel  to  the 
laminate  axis  during  impact.  A  calibration  of  the  measured  strain  In  terms 
of  the  force  introduced  by  the  head  of  the  impactor  was  obtained  by  "static" 
tests  conducted  in  a  universal  testing  machine  at  several  different  crosshead 
speeds.  The  results  of  these  tests,  presented  in  Figure  3-6,  indicate  a  force/ 
strain  relationship  of  51000  lb.  per  unit  strain.  For  the  low  speed  impact 
test  conditions,  static  calibration  is  believed  to  provide  a  good  approximat ion 
to  the  force  applied  up  to  incipient  failure.  Once  fracture  has  initiated, 
local  propagation  rates  and  mechanisms  may  be  expected  to  differ  importantly, 
and  no  correlation  between  the  load-strain  relationships  as  obtained  statical 1\ 
and  dynamically  could  be  expected.  But  when  fracture  occurs,  the  applied 
force  has  approached  or  reached  its  peak;  static  calibration  of  the  strain 
gage  response  therefore  provides  an  approximate  measure  of  the  peak  *'orce. 

In  tests  in  which  strain  gage  data  were  obtained,  a  centralized  data  acquisi¬ 
tion,  recording,  and  processing  system  was  used  which  provides  a  demons t rat ed 
overall  accuracy  of  one  percent  through  null  calibration  of  individual  sensors 
and  digitalization  of  data.  A  typical  strain  record  obtained  in  a  represen¬ 
tative  impact  test  is  presented  in  Figure  3-7;  here  the  horizontal  scale  is 
proportional  to  time.  This  record  is  interpreted  as  indicating  failure 
at  a  strain  of  .0123  in/in,  which  (from  the  static  calibration)  corresponds 
to  a  force  of  560  lb. 
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3.3  MOISTURE  CONDITIONING 

Specimens  which  were  t o  he  moisture  conditioned  were  placed  in  a  humidity 
chamber  which  was  itself  placed  in  a  large  thermostatically  controlled  oven. 

The  humidity  chamber  was  a  closed  metal  cabinet  with  an  internal  water  hath 
with  forced  water  circulation  over  large  area  wicks.  Conditions  were  checked 
periodically  with  wet  hulb-dry  bulb  temperature  readings,  and  the  environment 
confirmed  as  88-95%  relative  humidity  and  160  +  5°F. 

Testing  activities  were  arranged  so  that  all  42  specimens  in  the  program  which 
were  to  he  moisture  conditioned  were  placed  in  the  chamber  at  one  time.  Addi¬ 
tionally,  six  weight-gain  coupons,  each  two  by  three  inches  in  size,  taken 
two  each  I  rum  Panels  1X01619,  0X01620,  and  1X01621,  accompanied  the  specimens. 
These  were  removed  briefly  for  weighing  twice  weekly.  The  moisture  content 
indicated  by  the  weight  gain  specimens  at  the  conclusion  of  the  exposure 
ranged  from  1.29  to  1.75  percent. 

Upon  removal  from  the  elevated  temperature  high  humidity  environment,  the 
specimens  were  packaged  in  sealed  polyethylene  hags  together  with  moistened 
absorbent  paper  and  held  at  room  temperature,  to  be  removed  only  during 
performance  of  subsequent  testing.  All  tests  were  completed  within  35  days 
of  the  moisture  exposure,  during  which  time  further  moisture  diffusion  effects 
at  room  temperature  would  be  small  for  intact  16-ply  graphite-epoxy  laminate. 

No  assessment  was  made  of  the  moisture  pick-up  in  the  impact-damaged  specimens. 

3 . 4  MOISTURE-TEMPERATURE  CYCLING 

The  moisture-temperature  cycling  exposure  was  accomplished  by  manually  trans¬ 
ferring  the  specimens  between  two  environmentally-controlled  chambers  according 
to  an  established  schedule.  The  160°F- 90*  nominal  RH  environment  was  provided 
by  the  humidity  chamber  described  in  Section  3.3.  The  -65°F  environment  was 
obtained  with  an  insulated  chamber  into  which  cold  nitrogen  gas  (expanded 
from  a  liquid  nitrogen  supply)  was  introduced,  the  demand  being  established 
by  a  thermostat  control.  The  low  temperature  environment  was  monitored  with 
thermocouples  and  held  to  -65°F  +  S°F.  Testing  schedules  within  the  program 
were  arranged  so  that  all  specimens  to  receive  the  mo i st ure- 1 empe rat  lire  reel  in;.: 
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wore  subjected  to  the  exposure  conditions  simultaneously.  The  cyclic  environ¬ 
mental  exposure  shown  in  Figure  3-8  consists  of: 

1  hour  in  160°F-90X  Rli  environment 
30  minutes  in  -65°F  environment 

These  were  applied  sequentially,  the  entire  ten  cycles  of  exposure  requiring 
15  hours  elapsed  time. 

3 . 5  REST DUAL  COLUMN  STRENCTH  TEST  TNG 

Compression  testing  subsequent  to  impact  and/or  environmental  exposure  was 
performed  using  a  related  set  of  fixtures  which  makes  it  possible  to  provide 
various  degrees  of  column  support  ranging  from  elastic  long  column  up  to 
fully-restrained  ("zero-length")  column  conditions.  The  specimen  supporting 
t ixtures  are  designed  for  use  with  commercially  available  MTS  hydraulically- 
actuated  grips,  which  are  installed  in  a  standard  universal  test  machine 
or  a  MTS  test  machine. 

Installation  of  a  test  specimen  in  the  modified  hydraulic  test  grips  is  shown 
in  Figure  3-9.  A  close-fitting  steel  shell  surrounds  each  grip,  providing  a 
mount  for  transverse  adjustment  screws  that  prevent  destabilizing  motion  of 
the  fixture  and  specimen.  The  grips  are  rigidly  mounted  to  the  base  and  test 
head  of  an  MTS  100  kip  universal  test  machine,  precise  alignment  having  first 
been  achieved  with  the  aid  of  sphericallv-surfaced  seats. 

Pinned-end  column  test  conditions  are  provided  by  two  rigid  guides  or  outer 
platens  similar  in  gross  form  to  those  of  ASTM  695  (Federal  Test  Standard  406). 

On  the  inner  surfaces  of  the  platens  are  a  set  of  pin-locating  platens  as 
shown  in  Figure  3-10.  Five  different  sets  of  platens  are  available.  These 
provide  pinned-end  test  lengths  of  L'=2.38,  1.57,  1.17,  0.78,  0.58  inches  obtained 
with  3,  5,  7,  11,  and  15  bays  respectively.  Both  the  seven  bay  and  the  eleven-bav 
pin  supports  were  used  in  this  program.  Figure  3-1  1  shows  the  assembly  of  a 
specimen  and  the  L'=  0.78  inch  support  fixture  installed  in  the  test  machine. 

To  confirm  the  performance  of  the  column  test  apparatus,  a  series  of  tests 
have  been  conducted  at  vari ous  pinned-end  lengths  on  a  specimen  of  0.33  inch 
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3-8:  Exposure  Cycle  for  Moisture-Temperature  Cycling 
(Schematic,  rise  time  approximate) 
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Figure  3-10. Eleven-bay  (Ten-pin)  Column  Restraint  Platens,  Inter! 
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thick,  1.00  inch  wide  2024-T 5  bare  aluminum  alloy.  Automatically  recordi  d 
load-deflection  curves  provided  values  of  the  critical  load,  which,  for  the 
shortest  test  length,  proved  to  be  sudden  and  to  involve  permanent  deformation. 
The  load-deflection  data  also  permitted  experimental  determination  of  the 
modulus  of  elasticity  which  was  used  in  constructing  the  comparison  of  test 
data  with  the  Euler  relation  in  Figure  3-12.  The  regularity  and  consistency 
of  these  data  provide  confidence  in  this  method  of  plate-column  testing. 

Equipment  of  this  type  has  been  used  to  investigate  the  effect  of  environ¬ 
mental  exposure  on  the  compression  buckling  strength  of  graphi te/epoxv 
laminate.  An  example  of  the  type  of  test  results  obtained  is  shown  in 
Figure  3-13,  which  is  reproduced  from  Reference  2. 
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Col  urn  Tost  Results  at  72°F  ->r  T3O0/5208  16-Plv,  Ouasi- 1  sotropic  Carinate 

from  Reference 
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section 


TEST  FROCK!  >IKK 


4  .  1  PRELIMINARY  DANAOK  STI'DY 

A  p  re  1  inti  nary  experi  mental  invest  igat  ion  was  made  to  develop  t  In  methods 
impact  loading  and  damage  assessrm  at  required  to  produce  a  specific  level  ol 
impact  damage  (simulating  that  caused  by  an  accidentally  dropped  tool),  and  to 
Verify  that  this  damage  size  could  he  reproduced  cons i s t cut  I v  in  replicate 
specimens.  The  impact  damage  level  of  interest  was  to  he  characterized  as 
representing  the  onset  ol  visible  crack  i  it)’,  over  an  area  approx  imate  I  v  I.Dti  to 
1.50-inch  diameter  on  one  face,  to  allow  direct  entrance  ot  moisture  into  tin 
interior  of  the  laminate. 

Two  types  of  supports  were  evaluated:  1)  a  rig,  id  ! rame  supporting  the  speci¬ 
men  along  all  edges  as  a  simply  supported  plate  with  a  support  width  ol  L  inch 
along  the  edges  and  1  inch  along  the  ends,  and  2)  a  continuous  support  con¬ 
sisting  of  a  3/8-inch  thick  pad  of  Nomcx  hoik  vcnmh  core,  3/lb-inch  cell  size, 

3 

4  lb. /ft.  HRH  phenolic  paper,  arranged  to  support  tin  entire  specimen  between 
end  tabs.  Results  of  those  preliminary  tests  are  presented  in  Table  4-1. 
Typical  C-scans  and  associated  B-seans  of  internal  damage  as  detected  hv  the 
Holscan  ultrasonic  system  are  displayed  in  figure  4-1  and  4-.'  lor  the  r i  >  ■  i .  1 
frame  and  honeycomb  core  supports,  respectively. 

Although  the  internal  damage  appeared  to  he  ol  about  the  ,umc  extent  whether 
supported  by  Nomex  honeycomb  core  or  by  the  rigid  frame,  the  external  .lamas 
at  the  rear  face  was  quite  different.  Slight  hack  surface  bulging  with  miner 
or  no  visible  cracking  was  usual Iv  obtained  with  tin-  ben.  veomh  support,  as 
shown  in  Figures  4-3  and  4-4,  and  this  condition  was  judged  inadequate  I  or 
the  laminar  flow  t vpc  of  moisture  penetration  desired  in  tin's  prop  ram.  rith 
the  frame  support,  however,  hack  surface  damage  involved  multiple  cr.nls,  the 
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TABLE  4-1 

PRELIMINARY  IMPACT  TRIAL  RESULTS 


SPECIMEN 

NUMBER 

SUPPORT® 

TYPE 

NOMINAL 

ENERGY 

FL-lbs. 

V I S 1 BLKb 

DAMAGE 

DAMAGE  S17.E  FROM 
HOI. SCAN  C-SCAN 

In . 

1X01618-1 

FR 

4.5 

IV’  Single  Crack 

1.2 7  x  0.97 

-2 

FR 

5.1 

3  parol  It- 1  cracks 
approx.  3"total  lgth. 

1.5  x  0.93 

-3 

FR 

5.1 

V*  x  2"  Multiple 
Cracks 

1.5  x  1.12 

-4 

FR 

5.1 

V  x  1"  Multiple 
Cracks 

1.45  x  l.U 

FR 

4.5 

IV  x  1/8"  4  cracks 

1.25  x  1.15 

-6 

FR 

4.5 

lV  x  V*  Multiple 
Cracks 

-7 

K/C 

4.6 

Minor  approx,  V*  - 
2  cracks  +  out  of 
plane  bulge 

1.38  x  1.28 

-8 

H/C 

4.6 

•i  •«  «i 

1.35  x  1.30 

-9 

H/C 

4.6 

ii  ♦♦  it 

-10 

H/C 

5.2 

M  H  II 

1.26  x  1.25 

-u 

H/C 

5.2 

»»  •»  M 

1.32  x  1.35 

-12 

H/C 

5.2 

M  H  II 

1.34  x  1.26 

-n 

H/C 

5.6 

y  x  3/4"  bulge 
slightly  greater 
than  above 

1.45  x  1.37 

-u 

H/C 

5.6 

S’’  single  crack 

1.35  x  1.34 

-15 

H/C 

6.0 

Approx.  4  cracks 

1"  total 

1.41  x  1 .  34 

-16 

H/C 

6.0 
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extent  ui  which  could  be  controlled  by  the  height  of  the  drop.  A  ph<  1 1  c  .g  r..  nh 
of  typical  back-surface  damage  obtained  with  this  support  is  presented  as 
Figure  4-5.  The  cracks  and  separation  have  been  highlighted  with  chalk  dust 
to  make  them  more  apparent  in  the  phot og raph :  thev  were,  however,  barelv 
visible  to  the  naked  eye. 

As  a  result  of  the  preliminary  experimental  investigation  the  following  con¬ 
ditions  were  found  to  produce  the  type  and  amount  of  damage  desired  and  were 
established  for  the  remainder  of  the  program: 

Impactor:  Steel  rod  1.00  in.  dium.  x  12  in.  long. 

Spherical  nose  1.00  in.  diam. 

Mass:  2.62  lb. 

28.19  i nches 
12.2  ft. /sec.  (nominal) 

6.15  ft. -lb.  (nominal) 

Frame,  under  side  only;  0.^0  in.  wide  at  long 
edges,  1.00  in.  wide  at  en  ,  bearing  on  tabs. 

Central  2.0()  x  11.75  inches  unsupported. 

This  provided  slightly  more  back-surface  damage  than  shown  in  Figure  4-5. 
internal  damage  consistently  approximated  that  shown  in  Figure  3-4. 

Because  of  frictional  effects  and  windage,  the  actual  velocitv  of  the  impactor 
was  always  somewhat  lower  than  the  nominal  value  calculated  from  the  height 
of  drop.  Tiu-  mean  value  of  the  velocity  at  impact,  as  measured  from  high 
speed  motion  picture  records  taken  of  each  test,  was  11.9  fps,  with  a  probable 
error  of  +0.2  fps.  Consequently  the  energy  at  impact  was  about  5.76  ft. -lb. 
with  a  probable  error  of  +0.20  ft. -lb. 

4 . 2  MAI P ROC RAM  TE ST  PROCEDUR ES  _ 

The  main  program  of  exposure  and  test  is  outlined  in  Tabic  4.2.  The  program 
required  twelve  groups  of  six  specimens  each,  each  group  subjected  to  a  different 
combination  of  impact  and  exposure.  Five  of  the  specimens  of  each  group  wen 
then  tested  in  column  compression;  the  sixth  was  sectioned  lor  mi orograph i . 
studv.  In  addition,  a  thirteenth  group  of  five  specimens  which  bad  not  h.  <  n 


Height  of  drop: 
Velocity  at  impact: 
Energy  at  impact: 
Specimen  support: 
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subjected  to  any  previous  exposure  of  impact  loading  was  tested  in  column 
compression  to  establish  a  baseline  value  for  comparison.  A  sequence  of 
testing  and  exposure  was  arranged  that  would  perform  the  program  efficiently 
and  also  in  a  manner  which  would  minimize  between-group  variations.  Figure 
4-6  is  a  flow  chart  which  identifies  the  sequence  of  operations.  The  dates 
shown  in  Figure  4-6  for  tests  of  specimens  in  groups  Al,  Cl  and  C2  are  those 
for  the  second,  replacement  series. 

The  first  tests  to  be  completed  in  the  program  were  those  on  the  original 
specimens  comprising  groups  Al,  Cl,  and  C2,  and  the  residual  column  strength 
tests  on  these  specimens  were  performed  with  a  pinned-end  column  length  of 
L'=1.I7  inches.  This  spacing  was  selected  in  order  that  the  major  portion  c‘~ 
the  typical  damaged  area  would  fall  between  pin-supports.  However,  for  the 
laminate  under  test,  tests  at  this  pinned-end  length  produced  elastic  column 
failure.  The  affect  of  damage  on  buckling  phenomena  is  less  important  in  the 
elastic  region  than  it  is  at  higher  stresses,  and  in  this  case  the  presence  of 
damage  resulted  in  only  about  six  percent  reduction  in  average  column  strength. 

In  order  to  obtain  a  residual  strength  determination  which  was  more  sensitive 
to  the  presence  of  damage,  it  was  decided  to  conduct  residual  column  sirt  . 
tests  at  a  pinned-end  length  of  0.78-inch  instead  of  1.17-inches.  This  changed 
the  mode  of  column  failure  from  the  elastic,  intermediate  length  rer;-:v  to  the 
inelastic,  short  column  length  range,  and  resulted  in  a  substantial  increase  in 
sensitivity  to  impact  damage.  All  subsequent  residual  column  strength  tests 
were  conducted  at  L '=0 . 78-inch . 
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Cl,  C2,  C3,  C4  L0W  TEMP*  EXPl 

C3,  C4  6/4/80 

Cl,  C2  7/25/80 


C2,  C3,  C4 


IMPACT 

C3,  C4 

6/5/80 

A2,  A3,  A4 

6/6,10 

7/30/8f 

Bl,  B2,  B3i  B4 


A2,  A3,  C3,  C4 
MOISTURE  COND. 

A2,  A3  A2,  Bl,  C3 

Bl,  B2,  B3,  B4  6/24  -7/16 
C3,  C4  _ 

C4  |B2,  B3,  B4  I A3 

_ V _ 

IMPACT  _ B2^ 

B2,  B3,  B4  7/29  \ 

B4  B3 


LOW  TEMP.  EXP, 

A3,  B3 

i 

A3,  B3  7/30/80 

MOIST, -TEMP,  CYCLING 
A4,  B4,  C4  8/6/80 


SIX  SPECIMENS  IN  EACH  GROUP  EXCEPT  FIVE  IN  D1 


A4,  B4,  04^ 
D1 


FIGURE  4-6.  TEST  PROGRAM  FLOW  CHART 


RESIDUAL  COLUMN  COMPR.  STRENGTH  TESTS  (5  EACH)  8/19/80 
SECTIONING  AND  PHOTOMICROGRAPH  I C  STUDY  (1  EA  EXCEPT  Dl) 
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SECTION  5 

TEST  RESULTS 

5 . 1  RESULTS  OF  MECHANICAL  TESTS 

Test  data  compiled  in  the  course  of  the  program  are  presented  in  Table  5-1. 

To  facilitate  assessment  of  exposure  effects  and  interaction  effects,  the 
mean  values  of  the  test  results  obtained  for  each  of  the  different  groups  are 
compared  in  Table  5-2.  These  tabulations  include  the  energy  deposited  in  the 
specimen  at  impact  (impact  energy  less  rebound  energy),  the  "area"  of  impact 
damage  (width  times  length  dimensions  shown  in  C-scan) ,  and  residual  column 
compression  strength.  A  plot  of  the  residual  strength  data  is  presented  in 
Figure  5-1,  in  a  form  which  permits  comparison  of  the  results  with  different 
environmental  exposures. 

The  scatter  of  individual  test  data,  expressed  by  the  coefficient  of  variation, 
is  of  the  order  of  five  percent.  When  using  only  five  replicate  specimens, 
differences  between  the  mean  values  must  be  more  than  twice  as  large  as  the 
coefficient  of  variation  to  be  considered  significant  to  a  90  percent  confi¬ 
dence  level.  No  differences  this  large  are  found  between  the  mean  values  in 
Table  5-2,  except  when  comparing  impact-damaged  specimens  with  t iiose  not 
impactcT  at  all.  The  immediate  results  ol  the  test  program,  therefore,  are 
that  these  specific  environmental  exposures  and  sequences  o'  exposures  have  no 
significant  effect  on  impact  damage  or  on  residual  compressive  strength  after 
impact.  This  conclusion  is  graphically  evident  in  Figure  1-1.  Here  it  i -■  seer, 
that,  for  each  of  the  three  conditions  of  exposure  prior  to  impact,  the  impact 
damage  reduces  the  residual  compressive  strength,  but  environmental  exposure 
subsequent  to  impact  causes  no  further  reduction. 

The  data  do  provide  additional  indications,  however,  which  may  lead  to  t<  da¬ 
tive  conclusions. 
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5.1.1  1.  T  f  it  t  of  Mois  t  u  re  Coin]  i  L  i  t  ming  on  Imiact  Damage- 

Comparison  ot  the1  mean  values  ol  tlie  net  encrgv  absorbed  under  impact  Iv  1  he 
specimens  ot  different  groups.  Table  5-2,  indicates  that  moisten  — coiul  i  t  ieiiied 
material  may  be  a  better  ene rpv  absorber  than  "drv"  or  as- fabr i rated  laminate. 
While  this  indication  does  not  in-ee-ssar  i  1  v  me.an  that  moisture  eondit  inning 
improves  the  resistance  te>  impact  damage,  such  a  conclusion  is  suggested  bv 
the  data  distributions  of  Figure  5-1  and  supported  by  the  mean  values  of 
residual  column  strength  in  Table  5-2.  Comparison  el  these  data  for  groups 
Al  ,  A2 ,  Ai,  A4  ,  C2  and  C3  with  groups  142,  Hi  and  144,  indicates  that  when 
specimens  are  moisture  conditioned  prior  to  impact,  the  residual  column  strength 
is  6  to  15  percent  higher  than  when  moisture  conditioning  is  delaved  until 
after  impact,  or  when  moisture  conditioning  is  omitted  entirely. 

Because  this  indication  is  based  on  several  different  sets  of  comparisons 
rather  than  just  one,  the  statistical  significance  is  stronger  than  suggested 
above.  An  estimate  may  be  made  by  combining  the  comparisons  after  normalizing 
the  data  in  each  set  with  respect  to  a  reference  level  which  accounts  tor 
differences  between  the  sets.  An  analysis  of  this  type,  comparing  residual 
strength  of  groups  A2 ,  A3  and  A4  with  B2,  B3  ant!  B4  ,  is  presented  in  Table  5-3, 
the  normalizing  factor  for  each  set  being  the  mean  of  the  strengths  for  the 
groups  which  were  dry  when  subject  to  impact.  Though  tlu  distribution  of  test 
data  may  not  be  normal  and  the  analysis  is  onlv  approximate,  the  statistical 
inference  ,  that  moisture  improves  the  resistance  to  impact  ,  is  strone. 

5.1.2  EfJVct  of _ Low  Temperature  Exposure 

The  product  of  the  damage  dimensions  seen  in  the  C-scan  records  provides  a 
more  convenient  and  more  consistent  measure  of  internal  impact  damage1  than 
either  width  or  length  taken  alone.  Comparison  of  tile  means  of  this  product 
value  for  the  various  groups,  as  listed  in  Table1  5-2,  ind i rates  no  signif  icant 
difference  in  the-  extent  of  damage  as  a  result  ot  exposure  to  low  temperature. 
Comparison  of  the  means  of  the  residual  strength  data  e>f  group  Cl  with  1)1, 

C2  with  Al,  C3  with  A2  ,  and  C4  with  A3,  indieate-s  nei  significant  el  i  t  I  e  re-nce  s 
in  tin1  residual  column  strength  as  a  result  of  low  temperature  exposure-  prior 
t  o  impae t . 
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Analysis  (Ref.  3) 

Hypothesis:  ^  XA;  reject  if  t<t^  gq  df 

t  =  (X.  -  X_)  /  s  sT :i/N.)  +_(1/NR)  =  -4.788 

A  B  p  A  B 

sp2  -  [ni  -  UsA2  +  (N2  -1)sb2]  /(Na  +  Nb  -2)  =  0.054 


df  =  (N  +  N  -2)  =28 

:\  D 


0.01,43 


-2.467 


Xg'*  XA;  that  is,  mean  residual  strength  of  specimens  moisture 
conditioned  prior  to  impact  exceeds  that  of  drv  specimens,  to 
better  than  99%  confidence  level 
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5.1.3  Effect  of  Nois t ure-Tempe rat ure  five  ling 

The  question  of  whether  freeze-thaw  cycling  increased  the  internal  ti.v  age 
caused  by  impact  is  answered  bv  comparing  mean  values  o!  residua!  st  r«  p.gt h 
(Table  5-2)  of  groups  A3  with  Ai ,  B3  with  B4 ,  and  C3  with  64.  In  two  ot  t  he-.- 
cases  the  mean  values  of  residual  strength  were  higher  : or  mo i st ure-tenpe ratu r 
cycled  specimens.  However,  none  of  the  differences  can  be  termed  significant . 

5.1.4  Maximum  Force  at  Impact 

Strain  gage  data  interpreted  by  means  of  static  calibration  to  indicate  force 
at  impact  were  obtained  in  18  of  the  60  scheduled  impact  te.sts.  The  average 
of  these  indicated  a  peak  force  of  639  lb.  with  a  probable  error  of  +  92  lb. 
The  scatter  of  this  measurement  was  much  larger  than  the  variation  in  the 
test  impact  velocity  and  no  differences  could  bo  attributed  to  environmental 
exposure  conditions. 

5 . 2  PHOTOMICROGRAPHIC  EXAMINATIONS 

The  specimens  selected  for  micrographic  examination  were  sectioned  t  rans  ve  r->.  1 
0.25-inch  from  the  impact  point,  mounted  in  epoxy  to  support  the  damaged 
region,  then  ground  back  to  the  impact  station  and  polished.  The  two  speci¬ 
mens  which  had  been  subjected  to  environmental  exposure  only,  without  impact, 
were  sectioned  centrally  and  polished.  Photomicrographs  of  these  sections  at 
10X  and  at  25X  are  presented  in  Figures  5-2  thru  5-13. 

A  summary  of  the  pho t orr.i c rograph ic  specimens,  the  test  conditions  to  which 
they  were  subjected,  and  the  results  of  the  micrographic'  studies  is  presentee! 
in  TabLe  5-4.  These  results  indicate  the  following: 

o  The  impact  condition  consistently  left  the  impact  surface  intact  and 
apparently  undamaged,  but  always  resulted  in  rupture  of  the  rear  face 
and  fracturing  of  many  of  the  intermediate  plies, 
o  Ply  delamination  was  found  between  all  plies  except  the  first  two; 
however,  it  was  generally  more  extensive  in  the  front  half  of  the 
laminate  thickness. 

o  Moisture  conditioning  prior  to  impact  appeared  to  reduv  tile  ,i:  >  ml  oi 
ply  fracture  which  occurred,  and  may  also  have  resulted  in  less  1  ,  i- 
n  1 1  ;  fine  to  impact. 
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19B-1  Low  temp,  exp.;  impact;  then  moist. -temp,  cycling  5-12  Extensive  fracturing  of  plies  similar  to  20A-7.  IV 1  ami  na  1 1  on 

out  to  0.787  width.  Maximum  damage  to  one  side  of  Jtnpact  poi> 
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III  two  o)  three  cases,  I  ri'i’Zi’-th.iw  cycling  subscouent  to  impart  uar.i'e 
appeared  to  have  reduced  t  hi*  distortions  associated  witli  tin-  impart 
failure.  In  no  case  did  it  appear  that  actual  damage  was  iarrr.i  .«  d 
above  that  sustained  hv  the  comparable  specimen  which  was  not  i rei •/<  - 
thaw  cycled. 

While  the  sect  ions  studied  passed  transversely  through  the  impact  pi  1 1  •  t 
in  each  sample,  the  maximum  internal  damage  was  often  I  omul  to  or<nr 
some  distance  from  this;  point.  The  C- scan  data  in  all  cases  indicated 
a  greater  damage  width  than  found  micrograph! ca 1 1 v :  this  is  attributed 
to  the  characteristically  irregular  plan  form  of  the  damage  area. 

These  conditions  reduced  the  usefulness  of  the  photomicrographs  for 
comparing  the  results  of  different  exposure  conditions. 
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SECTION  6 
CONCLUSIONS 

With  the  specimens  and  test  procedures  of  this  program,  impact  damage  alone 
caused  a  reduction  in  the  column  compressive  strength  of  twelve  to  fifteen 
percent.  No  further  reduction  in  residual  column  strength  was  found  to  re¬ 
sult  from  environmental  exposure  in  combination  with  impact.  The  environ¬ 
mental  conditions  investigated  included  moisture  conditioning  and/or  low 
temperature  exposure  both  prior  to  and  subsequent  to  the  impact.  In  parti¬ 
cular,  moisture-temperature  cycling  subsequent  to  impact,  winch  might  have 
been  expected  to  cause  additional  delamination  as  a  result  of  repeated 
freeze-thaw  effects,  produced  no  reduction  in  residual  column  strength. 

This  unexpected  result  may  have  been  due  to  a  coincidence  of  test  conditions 
which  made  the  residual  strength  test  insensitive  to  changes  in  the  extent 
of  the  delaminated  regions.  As  noted  in  Section  4,  it  was  necessary  to  use 
a  pin-support  spacing  of  0.78-inch  in  the  column  tests  in  order  to  obtain 
inelastic  failures;  the  longer  pinned-end  lengths  resulted  in  an  elastic  , 
Euler-like  buckling  which  showed  little  reduction  in  strength  duo  to  damage. 

The  0.78-inch  spacing,  however,  was  less  than  the  typical  dimension  e ■  the 
delaminated  region  which  therefore  extended  into  adjacent  bays.  Construct. t:l y 
some  support  may  have  been  provided  to  the  damaged  region  bv  th  pin-supports 
of  the  fixture. 

If  this  relation  between  damage  dimension  and  support  dimension  reduced  the 
importance  of  delamination,  such  an  effect  might  also  be  expected  in  structural 
applications  of  this  particular  laminate,  where  the  pin-support  length  in  the 
column  test  bears  a  close  relationship  to  whatever  type  of  edge  or  end  support 
would  be  provided  in  actual  structure  to  achieve  the  same  buckling  stress. 
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These  results  apply  to  the  performance  of  such  elements  as  skin  surfaces,  but 
not  direct lv  to  more  stable  sections,  A  stiffener  section  in  the  shape  of 
square  tube,  for  example,  depends  lor  its  crippling  strength  on  the  integril  .• 
of  all  the  elements  which  comprise  the  section.  The  eftect  of  damage  to  one 
oi  these  elements  would  he  magnil ied  in  the  comparison  of  the  compressive 
loads  carried  by  the  stiffener  in  damaged  .and  undamaged  states. 

While  environmental  exposure  subsequent  to  impact  appeared  not  to  influence 
residua,  strength  in  this  test  program,  fairly  strong  evidence  was  found 
that  moisture  conditioning  prior  to  impact  actually  improves  the  resistance 
of  the  composite  laminate  to  impact  damage  and  results  in  higher  residua!  ol- 
s i rength . 

Thotumicrographic.  studies  provided  qualitative  data  which  supnortfcd  the  _.uk- 
clusions  drawn  from  the  results  of  the  mechanic.!!  tests. 
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1  IKK CUBES  INCORPORATED 
QUA!  1TY  ASSURANCE  LOT  DATA  REPORT 


LR  29655 


November  14 ,  1979 

Customer:  Lockheed  California 

Purchase  Order  No:  AET1B8610X 

Materials:  Graphite  Fiber/Epoxy  Marerial,  3501-6/AS1,  12"  prepreg  tape. 

Specification:,  MMS  549  Anund  4,  Type  t 
Quant  itv  :  76 .00  1  l>s  . 

:  r  !.  :  !  3'  )  Manu t a <  t  ure d  October  18,  1979 

S-  .1  No:  5C  6  6A 


Room  Lot  N 


Maim ; n c 1 ured  by  Hercules  Inc. 


F  i  be  r  Proper  t  les  ImO-1  Mnmtae  Cured  by  Hercules  Inc. 


Tensile  S  t  r .  , ks l 
Tens L  ie  Mod  .  ,ms  i 
Wt./Unit  Length 
liens  i  t  y  ,  lb  /  inJ 
Prepree  Physical 


424 

33.10 

43.93 

0.0649 


Spool  No. 

Resin  Flow, %  10-25 

Volatile^ ,%  1.5  max 

Tack  Lonforms 

Laminate  Mechanical  Properties  Spec  Reg 


0"  Tensile  Str.  ,RT,ksi*  200 

0°  Tensile  Mod . ,RT ,ms i*  18.0 

0°  Elonga t ion , RT ,  in/in  x  10^  Record 
Sliort  Beam  Shea  r  ,  KT  ,  ks  i  15.0 

Short  Beam  Shea r , 2 50°F , ks i  9.0 

Short  Beam  Shear ,250°F , ks l  7.5 

(24  fir  water  boll) 

*  Normalized  to  0.0416  Panel  Thickness. 
Panel  Physical  Properties 


Spool  No  . /Pane  1  No. 

Ply  Thickness , inches  0.0U52  +  0.0003 
Individual  Spool  Physical  Properties 
Ave  rage  /  Inci  i  vidua  1 
Spec  Re q  m2  +  3 

Spool  No.  Resin  Conti  nt  ,7. 

5C:  42.  5/42. 9, 43. 0,42. 3 

6A  44.1/44.8,45.5,43.9 


Pane  1  No 
Spool  6 
9280 
9280 

9280 

9281 
9281 
9281 


6/9280 

0,0054 


0.94 

Conforms 

AveraKe/Indlv  tdua 1 

273/268,296,255 

20.9/20.3,21.7,20.6 

13.1/13.5,13.4,12 .4 

19.0/19.1,19.0,18.9 

14.4/14.4,14.2,14.4 

11.3/11.3,11.5,11.0 


Average /Individual 
145-155 

Fiber  Areal  Wt  .  ,gm/ir/ 
149/148,150,149 
151/155,151 ,149 


JA  R  :  me 


-J.  A.  Rasmussen,  Representative 
QUALITY  ASSURANCE  DEPARTMENT 
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TABLE  A- 2 

SUMMARY  OF  ACCEPTANCE  TESTS  PERFORMED  ON  HERCULES  AS/ 150 1-6  MATERIAL  LOT  1363  (XO) 
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TABLE  a-2  (Continued) 

SUMMARY  OF  ACCEPTANCE  TESTS  PERFORMED  ON  HERCULES  AS/3501-6  MATERIAL  LOT  1363  (XO) 
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TABLF  A- 3 


AS/ 350 1-6  CURE  CYCLE 


1.  Apple  full  vacuum 


2.  Apply  G3  +  3  psi  autoclave  pressure 


3.  Heat  to  240°F  +  10°F  0  2-4°F/min. 


Fold  at  240°F  for  60  minutes 


5.  Raise  pressure  Co  100  psi  -  Vent  vacuum 


6.  Raise  temperature  to  350°F  +  10°F  2-5°F/nin 


7.  Hold  at  350  F  for  120  minutes 


8.  Cool  to  200  F  in  not  less  than  30  minutes  with  at  Last  M  ns: 
autoclave  pressure' 


9.  Post  cure  for  8  +  1/2  hour  at  350°F  in  an  air  circulatin'',  oven 


